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SMO Os ar a a 


The purpose of this investigation is to extend the method of 
forward flight analysis of the conventional helicopter to the tan- 
dem configuration, and from calculated performance data on a typi- 
cal tandem type, to evaluate the tandem design and its susceptibility 
to such analysis. 

The problem is considered for only stabilized forward level 
flight conditions, for which adeouate flight test information was 
available, and the usual assumptions used in forward flight analysis 
are made. The induced velocity is considered constant over the rotor 
disc, and the no-reathering axis is assured coincident with the rotor 
shaft; that is, the iene cyelic control angle is considered 
negligible. 

Results of the theoretical performance calculations indicate 
that the tandem conficuration is readily adaptable to analysis at 
hover and at moderate forward velocities. However, in the high speed 
range from about 60 !mots to Veax? vilting of the thrust vectors due 
to flapoing, rotor interference effects, stalling of the retreating 
blade, and compressibility phenomena encountered by the advancing 
blade contribute increasing pvower incremements that are difficult to 
recognize or separate, but are manifest in an unconservative rotor 


horsepower required estimte. 





The tandem confisuration avpears very promising performance- 
wise, but a nced for more intensified wind tunnel and flight test 
programs to study the effects of rotor displacement and overlap is 


indicated. The position of the differential longitudinal trim was 


also determined to be an imnortant function oF the overall tandem 


performance. 
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INTRODUCTION 

HaStoricewin yi thepracvical MWelbicopter is Litthe more than a 
decade old, and only ah recent years have its potentialities received 
widespread development and recognition. Of the many helicopter con- 
figurations currently uncer develorment, the two rost imoortant are 
certainly the sinzle rotor and tandem arrangements. Of these, the 
former is the simnler from both the performance or the stability and 
control viewpoint, and has receivec the most attention in the litera- 
ture. However, the tander confizurations have arnly demonstrated 
their practicability, and as in the case of the single rotor helicop= 
ter, the acuteness of performance and structural problems has taken 
most of the manufacturer's effort. To improve the flying qualities 
of the helicopter is the problem now. 

Significant advances in this resnect will be made only when per- 
formance parameters are completely defined, and a study can be mde 
of the heliconter's stability and control characteristics. Sucha 
program would facilitate the coordinated cevelopment and design of 
both the helicopter and a matching autopilot. 

At present the NACA flight research section at langley Field is 
carrying on flicht tests of a tandem heliconter, mainly to clarify 
what aspects of the helicopter's flyinr qualities are sirnificant to 
the vilot, and to discover reans of irprovinsg these flying qualities. 


The Full-Scale Tunnel Group at Langley Field has a pvrosram of testing 





model tandem rotors to evaluate the interference effects as the snac- 
ing is varied. Their results will probably be invaluable in writin: 
the empirical forms probably required for these cffects. 

Another flight test vrovream is tre pronosal for basic research 
on Tandem Helicopter Stability and Control by the Forrestal Research 
Center at Princeton University. This slan of theoretical stud, 
flicht testins, end data anelysis will neceesarily include a thorou 


snvestizgation of nerformance analysis. 


> 


Mie nurnose of wnis iivestization is to extend the met od of for= 
Ward tiene enelisis of the single rotor wel tespter to one of tandcer 
Gesinmn to detervine the ranre anc reliability of nerformance pvredic- 
tion. Liritea flight test dete wes available fror reference 1 on the 
HUP = 1 rodel, and a rotor |.orsevower recuired curve is calculated 
from the attitude oy the aircraft at nine Gitrerent speeds andaiic 


crim settinrs. 
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Cee ew men DO UC kV ET TON SG 


Gross weisht of helicopter, pounds 
Number of blades ver rotor 

Blade radius, fcet 

Radial distance to blade element, feet 
Blade scction chore, feet 


Equivalent blade chord, feet 


fe 
7 & 
yw Cl ein 
J rd 


Rotor solidity ratio, be/ R 


Blade section pitch angle from zero lift chord line at 
0.75 R 


Axial component of induced velocity at a blade element 
(0.75 R), feet ver second 


ROLSrD aneuler velocity, radians per second . 
Calibrated airspeed, feet per second 
Mean antle of attack of rotor disc, 


Angle of inclination of the axis of reference to the 
vertical, degrees 


Angle of attack, in level flight, dezrees 
Tip speed ratio, » non-dimensional 
Kean inflow factor, » non-dimensional 


Anele of inclination of the fuselage water line to the 
flight path, degrees 


Anzle of attack of the fuselase measured from the water- 
line of the fuselage to the resultant velocity vector, 


decrees 


Resultant air velocity at the rotor, feet per second, 








par 


ind 


pro 


Revor wire l, @ollins 

notor thrust coefficient, 

Pen ecCeweew seme Hperscubic fect 

Slope of left curve for blade (per radian) 
Sece ON rrotite Gray ‘coefficient 

lean trofile dyag cecerficient 

JUS PEO lao es io, wlopen 

Lffective blade radius, BR, fect 

Effective rotor disc area, (RB), souare fect 


Fuselage moment coefficient 


Fuselage drar coefficient 


PuscIage Lott sCcetwiclent 
Mean fuselage width 
Rotor height above reference axis, fcet 


Distance betisen rotor shaft end center sf cravity, fuselage 
length when not subfixed 


HOG leontal, Component of force actin on a ror 


~ 


Total moment 


Totel drag 


Toes) tae 

Total vower, horsepower 

Subfixed to P to indicate Parasite Power 

Subfixed to F to indicate induced vower 

Subfixed to P to indicate profile power 

Subfixed to rotor varameters to connstate forward rotor 


Subfixed to rotor parameters to connotate aft rotor 
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MGmome 7G. 92 ic!) eeueer vere rgagec in forward siabilized 
Peetecan oe mide Tr oeee reso Lusion oO: all the aerodynamic, frayvi- 
“ational and propulsive Poreeesn ic moments created on the aircraft 
because of the reaction dbatwoen it ana the air through which it 
=oves. “AS shown on Fic. le, che Yorces actimg on a rotor in the 
longitudinal -lane are usually resolved into T (thrust) and H (per- 
pendicular t. *i.rtist) cornronents. 

The equations for static equilibrium for a tandem confizuration 
then become: 

‘ é 
ne ae Pace Dy, si), = (W-L,) cose 
Fie te F/ as L)- Cos oC, SV Sa 
/ x 
ae =k thd Fade, aa Nhe 
™% 
where ii, is the total moment of fuselage with tail measured about 


the aircraft center of fravity. 


he L and D, are assumed Imown from wind tunnel tests ona 


oe te 
fuselage model, and the attitude variation of the aircraft with air- 
speed is known from flisht test data; thus, one is left with three 
equations and four unknowns. However, from the identical seometry of 
the HUP =- 1 rotors, it is lowsical to assume thet ratio of the T and 


Me forces Of One rotor is equs] to the ratio of the T and H forces of 


the other. This relationship, 


a4 ae 
F = A 
/ Hp ~ Hig ’ 


suonlies the necessary fourth equation to solve the systen. 











The further assumption that the no-featherineg axis and the rotor 
snait are coincident in the longitudinal nlane is the practice of the 
manufacturer and this investication sunnorts that theory. 

ror cetailed derivations of other eyuations or expressions used 
in this analysis, one can refer to reference 2, licliconter Analvsis, 
by Alexander A. Nikolsic. 

In the power reauired analysis, the enersy snvent by the helicono- 
ter in forward flight is exvressed as the sum of the induced, pnarasite, 


and profile powers required. In equation form: 
a 
P= —-Ta —T7Ysi0i +HV cose — = ebe R(OR|i+465u') 


where the first term represents the induced nower. The second and 
third terms evaluate the energy snent in moving the aircraft with the 
horizontal velocity, V, and the last term is the energy srent on the 
orofile drag of the blades, due to rotational motion. ~ 

In cstimating the parasite vower as » the 
ansular cisplacement of the thrust vector due to flapping is dis- 
reparded, and at the hisher speeds this assummtion may not be valid. 
For precise computations the effects of rotor interference would have 
to be known. 

The static equations of equilibrium for the helicopter in stabi- 
lized forward level flisht are derived and solved for the forces act- 
ing on the aircraft, assuming only thet the thrust and horizontal 
forces of one rotor have the same ratio as those of the other. The 
validity of this assumption is justified by the identical seometry of 


the rotors. 





The remainder of the analysis is a straishtforward computation 
of the downwash velocitics and tie nower required at each rotor, the 


power required being tho sum of tne induced, narasite and nrofile 


ty 


powers. The procedure followed and the forrulae used were taken fror 


reference 2, with which a working lknowledse is assumed for this 
investisation. 

Comparisons between theoretical and flight test nerformances are 
made in reneral staterents only, throughout the renort, for security 


measures. 
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dix "B" of reference 1, the nanvfacturer's acrodynntic deronatration 
renort on the HUP - 1. The heliconter was flown in stabilized flicht 
conditions at normal rated enzine RPM (2500) and indicated airsneeds 
of avrroximately 69, 7C, 80, 90 (imots) aad Veaxs &t both plus and 
rinus 7/49 trim settings. The actual 8.!!.P. was computed for each 
speed and nloited versus the true airspced. The fuselage attitude 
was also recorded and is shown in Fig. 1 -lotted av~ainst calibrated 
airspeed for two different trim settinzs, and extrapolated to O 
airspeed. 

Then, on assumins an average downwash velocity, the fuselase 
angle of attack could be deterrined and the moment lift and drag cal- 
culated with coefficients taken from reference 2. The David Ta:lor 
Model Wind Tunnel Tests were mde at a Reynold's Number and dynamic 
pressure of the sare masnitude as the Flicsht Tests, and were invalu- 
able in this analysis. The fuselage morent, lift, anc drag are shown 
ylotted against airspoced in Firs. 2 and 3. 

The Samnle Calculation Section of this revort illustrates the 
orocedure of the remainder of the calculations and the performance 
parameters deterrined are shown clotted azainst airsneed in Fics. 4 
to ll. 

Fics. 4 and 5 show the variation and ratios of induced velocity 


and induced power reouired by the two rotors »lotted av-ainst airspeed. 
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When the ratios are near unity from hover to about 100 f.n.s., pre- 
dicted performance agrees closely with the flight test results of 
reference 1, indicating little or no rotor interference effects. 

Fics. 6 and 7 present the parasite power required picture, and 
as would be expected, the tilting forward of the thrust vectors at 
higher speeds demands an increasing expenditure of energy. The in- 
crease in power required by the rear roter is due te the increase of 
the fuselare moment. However, the increase of parasite pvower with 
airspeed can be considerably reduced at higher speeds by using nose 
up trim. At V_,, the difference between 3/42 nose down and 4/4° nose 
up representa a 10% power saving. 

Fic. 8 shows the rotor hersepower required. The forward speed 
for optimum rate of climb is readily obtained, where the slope is 
zero, as 9% f.p.s. (55 knots). Fig. 11 is an extension of this data, 
showing the rate of climb variation with forward velocity. Up to and 
slightly beyond the speed for best rate of climb the rotor horsepower 
required predictions check almost exactly flight test results. The 
best rate of climb was calculated at 1205 f.p.m. at 55 lmots as against 
comparable flight test figures of 1227 f.5.m. at 52 knots, which were 
obtained at a 5450 lb. cress weight, a 2.5 inch fwd c.c. and a 1/4° 
nose down trir. 

However, beyond about 100 f.p.s. the rotor nower required curve 
diverges rapidly from the measured engine B.H.P. required, as is 
shown in Pit. 9, which presents their ratio. In this region the 
effect of rotor tip paths tilt due to flanpving and the effects of 


rotor interference become an appreciable power loss that can only be 

















The orobler is further commlicated by the 





calculated by difference. 
possibility of the retreatinc blade stalline and the advancing blade 
encountering compressibility nhenomena at speeds near Vigy-. Tis. 10 
Pawan em on tie COlleevYive piten setting at éach rotor, and it is 


seen that near V.., the retreating blaae of the rear rotor is 


x 
approaching the stalling point. 

The results of this investigation emphasize the necessity for 
a thorouth flitht test proszram which could separate anc measure these 
unknown power increrents. It is believed that the Tandem Helicopter 
Stability and Control Study Proposals of the Forrestal Research Center 
at Princeton University will definitely clarify tne rerforrance of 


| the tandem confizuration, as the first step to analyzing the important 


stability and control problems. 














CONCLUYUSIGNS 


this gualysis hus stow “iat tne verformance of the tandem 
helicovter confisuration can ve accurately analyzed fror hover throush= 


a 


Sut tue moderate apeed ranze, and cet Che ditfcrential lonweituiaaa 


p> 


Trin 2sm@n important function of perPormance. 


It is recommended that furtner study of this vroblem be ~eda in 


te niw2 sveec retion to determine the parameters of rotor interference 
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a) 


and tre ansular disnlacement of the tin rath -~lane due to flanninc. 
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All flishts were mde ata density altitude of 1500 feet at the 
same 2 in. fwd c.g. position. Runs 1 to 5, inc., were made ata 
5/4° nose up trim settinz and runs 6 to 15, inc., were made ata 
3/4° nose down trim setting. 

A saree performance calculation is presented for run ll. Refer- 
ence can be made to Figs. 2 and 4 and Tables I, II, and III for 
snecific values. 

The equations of static equilibrium for the aircraft in stabi- 


lized forward flight are solved: . 
Wi L(v-L) Coe = D sinc, / 

- & f —— : 
FY, ta a Wend —- De Saee / 


£ 
oe 
Mie My, 


4 4 
ke le — Tn Lp + He hye * Aah = ee 
from which: 

Tp aI rlpagi) siete Hp = 298 lbs 


= 4 dq = a 
T. 2/02 lbs It, oki los 


SE es = as Pe aes Ve oY ,A , the mean 


inflow factor is then deterrined for each rotor by triel and error 


from 








Jim: xX = AL oy a 


i 2 


where’: 


Cre fy B= /- Ver 


7 Re (QR) : Z 
A, = ~OO0F#O A, = -O.038 


The induced velocity at each rotor is comvuted: 


a = eCr OR 
OD Le?) 


we 


pie 


Ce AN hy oes EME NC, 


The incuced vnower required is then simnly Taz 


“ ee fr /b. ) ey = 000 #fi= lb. 
Sec. A i aad” 


The parasite vower is the energy spent in moving the aircraft 


Forward, or P = lvyesin 2 -envacde 1. 


par 
Pare = 27400 - 24900 = 2500 
Poar, z 29400 - 26500 = 2300 
P = 5400 ftrlos 


ces sec. 


To determine the profile nower, the mean anzle of attack of the 


rotor is determined; a drag coefficient is: calculated and multiplied 








byeaerecwor of 1.5 to account for contributions of 


=P 1 


control rods; and the profile power is comouted fromttheraccettidd 


equation, 
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Fore i a e &c in o@) aw > (J+ £65 14) 
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Cae : prs ie ; 
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Hence, 
Pra = 4S we: 
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/ Vay, = aif 2 OC 


PHP = 259 
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Vertical a9 er 


FI - [b> 


S tet ep 
‘~— - h 


Hlors & fh Jae 


= A &Ff (s37000) 
CW. 


a7 max (135 7p re 








W/O ax = 1155 f.per. st 50 Imots forward specd wich checies 
closely witr. the Flight Test rosult of 12G4 fin-r. at a. Oia 6 Ces 


of 1/4° nose down at sea level. 


The™@ollective @itch an#lé is als> calculsted and slotted from: 
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The Static Equation Solution 
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The helicopter used in thig analysis is the NUP - 1, which hae 
the following physical pronerties: 


Gross Weicht DOs bee 


Center of Gravity 2-ins twee 
(Normal Ca Say (Ove med. of ¢ between rotors) 


ly (distance between rotors) 21 £t. 1] fee 
5.276 ft. 
6500 ate 
l/7 5 
290 1 pene 

b (per rotor) 5 

a (per radian) aT 


seers 0.0526 
a7 R 


Power Plant 
Engine Continental Model R975 ~-24 


Norral Power 200 E.P. & 2500 2PM (fror sea level to 
S700), Pte) 


Take-off Power 22) H.P. © 2300 2.7.M. (at sea level) 
Blades 

Airfoil Section Basic NACA OO Series 

Chord (28.5 to 34% span) "ACA COU ive 1OnG an. 

Chord (34 to 62.5% Span) NAGA DOT Ds ee 1252 in, 


Chord (62.5% Span to PEWEACAOO]S § _. 2 Pe Dutt 





Profile Drag Expression; Ca ee. = O02 (CCR ea 
(The profile drag equation was taken fror reference 4 and multiplied 


Dy Gu1actoreque1.> to account for metal blades. ~Lras coefficients 


obtained checlzed very closely with those used by the ranufacturer.) 


Note 1. The rotor shafts of this helicopter are inclined at an angle 


of 83° to the fuselage reference axis. 
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